Neuroglobin (Ngb) is an O2-binding protein localized to cerebral neurons of vertebrates, including humans. Its physiological role is unknown but, like hemoglobin, myoglobin, and cytoglobin͞histo-globin, it may transport O 2, detoxify reactive oxygen species, or serve as a hypoxia sensor. We reported recently that hypoxia stimulates transcriptional activation of Ngb in cultured cortical neurons and that antisense inhibition of Ngb expression increases hypoxic neuronal injury, whereas overexpression of Ngb confers resistance to hypoxia. These findings are consistent with a role for Ngb in promoting neuronal survival after hypoxic insults in vitro. Here we report that in rats, intracerebroventricular administration of an Ngb antisense, but not sense, oligodeoxynucleotide increases infarct volume and worsens functional neurological outcome, whereas intracerebral administration of a Ngb-expressing adenoassociated virus vector reduces infarct size and improves functional outcome, after focal cerebral ischemia induced by occlusion of the middle cerebral artery. We conclude that Ngb acts as an endogenous neuroprotective factor in focal cerebral ischemia and may therefore represent a target for the development of new treatments for stroke.
T he ability to sense and respond to hypoxia is a universal attribute of eukaryotic cells, but the role of this ability in protecting cells from ischemic insults and its potential for therapeutic application are unclear. One prominent feature of cellular adaptation to hypoxia or ischemia consists of the increased expression of hypoxia-inducible proteins (1) , including proteins with the capacity to protect the brain from ischemic insults (2, 3) . Examples include hypoxia-inducible factor-1 (4), erythropoietin (5) , vascular endothelial growth factor (6), heme oxygenase-1 (7), and adrenomedullin (8) . These proteins are likely to exert their neuroprotective effects through diverse mechanisms but their hypoxia-responsiveness depends ultimately on O 2 -binding proteins that can sense hypoxia and trigger appropriate cellular adaptations (9, 10) .
The globins are a family of heme proteins that can bind, transport, scavenge, detoxify, and sense gases like O 2 and NO (11) . Four vertebrate globins have been identified. Hemoglobin, which differs from other vertebrate globins in occurring as a tetramer, is localized to erythrocytes and transports O 2 between the lungs and other tissues. Myoglobin (Mgb) is monomeric and is localized to the cytoplasm of skeletal and cardiac myocytes. Cytoglobin or histoglobin (12, 13) is expressed widely in both neural and nonneural vertebrate tissues, but its functions are unknown. The recent discovery of neuroglobin (Ngb; ref. 14) , which is expressed primarily in cerebral neurons (15) , is induced by neuronal hypoxia and cerebral ischemia (16) and protects neurons from hypoxia in vitro (16) , suggests that this protein may have a role in sensing or responding to neuronal hypoxia, which could have implications for the pathophysiology and treatment of stroke.
To test the hypothesis that Ngb has protective effects in cerebral ischemia, Ngb protein expression in rat brain was reduced by intraventricular administration of an Ngb antisense oligodeoxynucleotide (ODN) or increased by intracerebral administration of an Ngb-expressing adeno-associated virus (AAV) vector. Focal cerebral ischemia was then induced by occlusion of the middle cerebral artery (MCA), and histological and functional neurological outcomes were assessed. Our results point to a neuroprotective role for Ngb against cerebral ischemia in vivo.
Materials and Methods
Animals. Adult male Sprague-Dawley rats (290-320 g) were used, and animal experiments were approved by the Buck Institute's Institutional Animal Care and Use Committee and carried out in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
ODNs. A phosphorothioate antisense ODN labeled with fluorescein at the 5Ј end and directed against the initial coding region of Ngb (5Ј-TCCGGGCGCTCCAT-3Ј, nucleotides 90-77) was designed based on the mouse Ngb GenBank sequence NM 022414. This and a sense sequence (5Ј-ATGGAGCGCCCGGA-3Ј, nucleotides 77-90) were synthesized commercially (Qiagen, Valencia, CA) and purified by HPLC. Rats were anesthetized with 4% isoflurane in 70% N 2 O͞30% O 2 and placed in a Kopf stereotaxic frame. The skull was exposed and a 1-mm burr hole was drilled over the left hemisphere, 1.5 mm lateral to the sagittal suture and 0.8 mm caudal to the bregma (17) . ODNs (10 nmol͞ml) or artificial cerebrospinal fluid (aCSF) were infused into the lateral ventricle at 1 l͞h for 72 h with an Alzet (Palo Alto, CA) minipump (18) .
Western Blotting. Cerebral cortical protein (100 g) was electrophoresed on 12% SDS͞PAGE gels and transferred to polyvinyldifluoridine membranes. Membranes were incubated overnight at 4°C with affinity-purified rabbit polyclonal anti-Ngb (1:2,000) raised against a synthetic peptide corresponding to amino acids 35-50 (NH 2 -CLSSPEFLDHIRKVML-COOH) of mouse Ngb (16) . A horseradish peroxidase-conjugated antirabbit secondary Ab (Santa Cruz Biotechnology) and chemiluminescence substrate (NEN) were used to visualize immunolabeled bands.
Immunohistochemistry. Brains were perfused with 0.9% saline and then 4% paraformaldehyde in PBS (pH 7.4) and embedded in paraffin. Immunocytochemistry was performed on 6-m sections as described (19) by using rabbit polyclonal anti-mouse Ngb Focal Cerebral Ischemia. Ischemia was induced by using the suture occlusion technique (19) . Rats were anesthetized as described above and a 19-mm, 3-0 monofilament nylon suture was inserted via the left external and internal carotid arteries to occlude the MCA at its origin for 90 min, followed by reperfusion. Shamoperated control rats underwent identical surgery except that the suture was not inserted. Rectal temperature was maintained at 37.0 Ϯ 0.5°C. Rats were killed 24 h later.
Measurement of Infarct Volume. Coronal brain sections were stained with 2% 2,3,5-triphenyltetrazolium chloride (TTC; 2-mm sections; ref. 20) or hematoxylin (30-m sections) and used to determine infarct areas with the NIH IMAGE program. Effects of edema and of differential tissue shrinkage were controlled for by subtracting the area of the uninfarcted (TTC-or hematoxylinstained) tissue in the ischemic hemisphere from the area of the contralateral hemisphere (21) . Infarct volume was determined by summing infarct areas multiplied by slice thickness.
Behavioral Testing. Twenty-four hours after MCA occlusion, the neurological status of each rat was evaluated according to a neurological grading score based on motor, sensory, and reflex testing, in which higher scores indicated more severe impairment, as described (22) .
AAV Vector Production and in Vitro Testing. Full-length mouse Ngb cDNA was cloned into an AAV vector (pTR-UF 12d) containing a cytomegalovirus͞chicken ␤-actin hybrid promoter, and AAVNgb vector was produced as described (23, 24) . Human embryonic kidney 293 cells (25) and rat cortical neurons (16) were cultured as described and treated for 72-96 h with 10 11 particles per well of AAV-Ngb or control (AAV-gfp) vector; cultured neurons were exposed to hypoxia, and neuronal viability was measured by using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) as described (16) .
AAV Vector Delivery in Vivo. Rats were anesthetized as described previously and placed in stereotaxic frames with head holders. Two burr holes were drilled and AAV-Ngb or AAV-gfp (4 ϫ 10 13 particles per ml), or aCSF, was injected into the left cerebral cortex (0.48 mm anterior to the bregma, 5.5 mm lateral to the midline, 6 mm beneath the dura) and left striatum (0.48 mm anterior to the bregma, 3.5 mm lateral to the midline, 6 mm beneath the dura). At each site, a volume of 3 l was injected over 2 min, the needle was partially withdrawn (to 3.5 mm beneath the dura for cortical injection and to 4.5 mm beneath the dura for striatal injection), the injection was repeated, and the needle was left in place for an additional 5 min. The needle was removed and bone wounds were closed with bone wax. Focal cerebral ischemia was produced 3 weeks later as described previously.
Results
To investigate whether Ngb has a neuroprotective effect in cerebral ischemia in vivo, we used a phosphorothioate antisense ODN directed against the initial coding region of the target Ngb mRNA and a control sense sequence, both labeled with fluorescein at the 5Ј end (16) . Western blots showed that Ngb protein expression was reduced in cerebral cortex of rats that received a 72-h infusion of antisense ODN into the left lateral ventricle, compared with those given sense ODN or aCSF (128 mM NaCl͞2.5 mM KCl͞0.95 mM CaCl 2 ͞1.99 mM MgCl 2 ) (Fig. 1a) . Fluorescence microscopy confirmed successful delivery of the fluorescent ODNs to cerebral cortical neurons (Fig. 1b) . Next, antisense or sense ODN or aCSF (control) was infused into the lateral ventricle for 72 h and, 24 h later, focal cerebral ischemia was induced by inserting a monofilament suture into the left MCA for 90 min, followed by reperfusion for 24 h (26). Antisense knockdown of Ngb expression was associated with a 56-60% increase in infarct volume (P Ͻ 0.02, n ϭ 5 per group) compared with rats receiving an Ngb sense ODN or aCSF (Fig.  2 a and b) . Antisense treatment also worsened postischemic neurological deficits (Fig. 2c) , as determined by behavioral testing with a modified Neurological Severity Score, which has been shown to be useful for monitoring functional neurological outcome after focal cerebral ischemia (22) . There were no differences among the three treatment groups in venous blood concentrations of Na
, HCO 3 Ϫ , or hemoglobin; arterial blood pH, PO 2 , or PCO 2 ; or mean arterial blood pressure.
If Ngb is neuroprotective, then its overexpression should confer relative resistance to cerebral ischemia. To test this hypothesis, an AAV-Ngb vector was designed using pTR-UF12d with a cytomegalovirus enhancer and ␤-actin promoter, and with gfp as a reporter gene. In pilot studies, AAV-Ngb increased Ngb protein expression in 293 cells (Fig. 3a) and partially prevented hypoxia-induced cell death in primary cultures of cortical neurons in vitro (Fig. 3b) . Intracerebral injection of AAV-Ngb but not control AAV-gfp vector into cerebral cortex and striatum was associated with increased expression of Ngb in cerebral cortical neurons (Fig. 3 c and d) and with a 49-52% decrease in the size of cerebral infarcts compared with rats receiving control AAV-gfp vector or aCSF (Fig. 4 a and b) . The decrease in infarct size was attributable primarily to a decrease in the extent of cortical, rather than striatal, infarction, consistent with the cortical location of most salvageable (penumbral) tissue in this MCA occlusion model. There was also an improvement in neurological function in animals receiving the AAV-Ngb vector (Fig. 4c) . As in the antisense experiments described previously, there were no differences among the three treatment groups in venous blood concentrations of Na
Discussion
The major finding of this study is that changes in Ngb expression result in corresponding changes in the severity of histological and functional deficits after focal cerebral ischemia, in a manner consistent with an endogenous neuroprotective action of Ngb. Although we described a neuroprotective effect of Ngb against neuronal hypoxia in vitro (16) , this is our first demonstration of a function for Ngb in vivo.
How Ngb protects neurons from hypoxia or ischemia is unclear. The related protein Mgb seems to have several biological functions in myocytes. Mgb binds to and facilitates the intracellular diffusion of O 2 from capillary blood to myocyte mitochondria (27) , although the magnitude of its contribution to intracellular O 2 transport is uncertain (28) . Mgb-knockout mice have normal skeletal and cardiac muscle function and normal exercise capacity under normoxic and hypoxic conditions (29) , which could argue against a role in O 2 delivery, or could be due to the induction of multiple compensatory mechanisms, including increased coronary blood flow, coronary flow reserve, capillary density, and hematocrit (30) . Another role for Mgb may be to scavenge intracellular NO, because Mgb binds NO and prevents downstream effects such as inhibition of cytochrome c oxidase (31) . In support of this hypothesis, hearts from Mgb- knockout mice show increased sensitivity to the vasodilator and cardiodepressor effects of NO (32) .
Considerably less is known about the mechanisms involved in hypoxic induction of Ngb or Ngb-mediated neuroprotection. In addition to hypoxia, neuronal Ngb expression can be increased by cobalt and deferoxamine (16) , which suggests that hypoxiainducible factor-1 might be responsible (33) but there is no direct evidence to support this possibility. In HN33 cells, hypoxic induction of Ngb is blocked by the mitogen-activated protein kinase͞extracellular signal-regulated kinase kinase (MEK) inhibitor PD98059, implicating MEK in this process, whereas induction of Ngb expression by hemin involves protein kinase G and soluble guanylate cyclase (34) .
Concerning the mechanism of neuroprotection, overexpression of Ngb in HN33 cells neither increases O 2 consumption (which might be expected if Ngb enhanced O 2 delivery to mitochondria) nor confers resistance to the cytotoxic effect of the NO donor, sodium nitroprusside (16) . It is still possible, however, that intracellular O 2 transport by Ngb has a role in neuroprotection or that Ngb can detoxify more physiological levels of NO or other reactive oxygen species. Alternatively, Ngb might serve as a hypoxia sensor to trigger more directly neuroprotective downstream events (35) (36) (37) .
The protective effect of Ngb in cerebral ischemia raises the possibility that Ngb could be a suitable target for new therapies directed against stroke, a leading cause of neurological disability and death for which no widely effective treatment exists (38) . As an example, drugs like hemin, which increases Ngb expression in vitro (34) and is used clinically in the treatment of acute intermittent porphyria (39) , might be developed for this purpose.
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